A method for the preparation of developmentally staged microspores and young pollen from maize (Zea mays) has been devised. The preparations are of sufficient purity and quantity for biochemical analysis, including the analysis of steady-state protein and RNA populations associated with each stage. A major transition in protein populations occurs during the developmental period that encompasses microspore mitosis, the asymmetric nuclear division producing the vegetative and generative nuclei. Several differences between early and late stage proteins can be detected by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Two-dimensional gel electrophoresis of proteins reveals that over half of the steady-state proteins differ between the younger and older stages, either quantitative or qualitative. One protein that increases in relative abundance about fourfold is actin. In vitro translation of RNA isolated from staged microspores demonstrates changes in microspore gene expression during the same developmental period.
acious remnants of the tapetal cells are deposited on the surface of the pollen grain, which desiccates and is shed from the anther upon dehiscence.
The study of pollen development provides an opportunity to examine the gametophyte generation of higher plants. While recent studies have suggested that multiple molecular events are involved in the progression of microspores through the pollen developmental pathway (4, (23) (24) (25) , the scope of these events was unknown. The work presented here provides a method for the preparation of developmentally staged microspores and young pollen. These preparations are of sufficient purity and quantity to allow the characterization of protein and RNA populations associated with each stage. A major transition in steady-state protein populations has been observed between the large vacuole and starch-filling stages of microsporogenesis.
MATERIALS AND METHODS

Materials
Microsporogenesis in higher plants has been well described at the genetic and cytological levels (1, 2, 9, 11, 20) . The maize microspore developmental pathway can be briefly summarized as follows (1, 3, 6, 21) (15) . One-dimensional gels were stained with Coomassie blue, and two-dimensional gels were silverstrained (13).
Analysis of Actin in Protein Samples
Seventy Ag of protein from young microspores and starchfilled young pollen were electrophoresed on 10% SDS-PAGE gels. After fixation and staining of part of the gel with Coomassie blue, the stained protein band at 43 kD was quantitated with a Molecular Dynamics 300A Computing Densitometer, using the Fastscan program. For Western analysis, proteins in identically loaded lanes on the same gel were transferred to an Immobilon (Millipore) filter in 25 mm Tris, 0.2 M glycine, 20% methanol, and 0.1% SDS. The filter was incubated with a mouse monoclonal antibody to actin, JLA20, obtained from the Developmental Studies Hybridoma Bank (Baltimore, MD). After washing, the filter was incubated with a goat anti-mouse IgM antibody conjugated with alkaline phosphatase (Sigma). After washing, the filter was reacted with 75 ,g/ml nitro blue tetrazolium and 150 ug/ml 5-bromo-4-chloro-3-indoyl phosphate in 100 mm Tris (pH 9.5), 100 mM NaCl, 5 mM MgC12.
RNA Preparation and in Vitro Translation
The preparation of microspores for RNA isolation was identical to the method described above except that the HB used to resuspend microspores for layering onto sucrose gradients included 10 mM VRC. After collection of bands from sucrose gradients, pelleted microspores were resuspended in lysis buffer (100 mm Tris [pH7.6], 50 mM EGTA, 100 mM NaCl, 1% SDS, 50 mM 2-mercaptoethanol) plus 10 mM VRC. The resuspended microspores were then disrupted using a Carver French Press at 10,000 psi. The ruptured microspores were extracted twice with an equal volume of phenol:chloroform (1:1) and nucleic acids were precipitated with ethanol. Repeated lithium chloride precipitations of RNA were then performed to remove DNA from the samples. Poly(A+) RNA was isolated using oligo-dT cellulose chromatography (10) . P0 (Bio-Rad) spin columns (14) were used to remove an unidentified low mol wt substance that inhibits in vitro translation. RNA from meiotic tassels was isolated by the guanidinium/CsCl method (10) . In vitro translations were performed using 1 The study of maize pollen development at the molecular level requires pure populations of microspores at specific developmental stages. These populations have been difficult to obtain previously because microsporogenesis in maize is not synchronous within the tassel. A rapid and simple physical method for the preparative isolation of staged microspores was therefore designed. Microspores are first separated from other plant tissues by filtration. The microspores are then centrifuged on continuous sucrose gradients to achieve separation of stages.
Visual examination of the sucrose gradients after centrifugation using preemergent tassels revealed several discrete bands (Fig. IA) . Upon microscopic examination, these bands were found to contain relatively pure populations of staged microspores. The band at the HB/sucrose interface consisted of uninucleate microspores and binucleate young pollen with a single large vacuole (Fig. 1B) , the central portion of the gradient contained microspores with a single or multiple small vacuoles (Fig. IC) , and a lower band contained prevacuolate young microspores (Fig. 1D) . In preparations from newly emerged tassels, young pollen approximately one-fourth to one-third filled with starch remained near the top of the Fig. 1) 60-73a Large vacuole microspore/young pollen (band B in 72-83 Fig. 1 ) Young pollen engorging with starch (pellet in gra-97-100 dient) a This value includes the viability of the contaminating large vacuole species, which is largely inviable. If prevacuolar microspores only are counted, the viability is increased to about 82%. (Table I) .
Changes in Steady-State Protein Populations Occur at the Large Vacuole Stage
About 50 polypeptide bands were readily resolved using the one-dimensional SDS-PAGE gradient gel system described (Fig. 2) . Several bands appeared to be specific to either early or late stages in microsporogenesis. The (Fig. 2,  open arrows) .
The proteins associated with later stages-partially and fully starch-filled (Fig. 2, pSF, SF) -were noticeably different. At least five bands were apparently present either exclusively or in much higher quantities in the later stages. The molecular masses of "late" bands were 82, 54, 43, 28, and 12.5 kD (Fig.  2, closed arrows) . Mature pollen displayed a third set of polypeptides that probably includes tapetal cell remnants deposited on the pollen surface during maturation (Fig. 2,  MP) .
By the comparison of at least five different preparations of each developmental stage, this method produced reliably uniform preparations as analyzed by SDS-PAGE.
Two-dimensional gel electrophoresis of protein samples revealed a much greater degree of difference between early and late stages than is seen by one-dimensional SDS-PAGE. Figure 3 shows the silver-stained pattern of proteins obtained from young microspores (Yu) and starch-filled young pollen (SF) using IEF followed by SDS (Fig. 4) . The increase in this protein during the starch-filling stage was three-to four-fold, as analyzed by laser densitometry. The proteins associated with developing microspores are likely to be derived from either of two cellular sources, the microspore itself or the surrounding tapetal cells, which secrete proteins into the anther locule (16) . To determine what types of proteins are produced from RNA populations in the haploid microspores, in vitro translations were carried out using poly(A+)RNA isolated from a meiotic tassel (containing meiocytes in younger flowers and meiotic tetrads in older flowers), and Poly(A+)RNA isolated from staged microspores, including young prevacuole microspores, large vacuole microspores, and young starch-filled pollen. The RNA was translated in vitro using a rabbit reticulocyte translation system, and the radiolabeled products were analyzed by SDS-PAGE. Figure 5 shows an autoradiograph of in vitro translated products. The pattern of translation products was similar using RNA isolated from the younger stages: meiotic tassel (MT), prevacuole young microspores (Yu) Young microspore (YM) and starch-filled (SF) protein samples were subjected to IEF followed by SDS-PAGE and silver-stained. About 125 proteins were resolved using this method. An example of three proteins migrating identically in the two samples is circled. Open arrows indicate the probable positions of proteins corresponding to ones identified in young stages in Figure 2 . nique is rapid and simple, and should be applicable to other plant systems. The sucrose gradients utilized in our studies separate the microspores on the basis of size and density (apparently determined largely by the degree of vacuolation). Several developmental stages form well separated bands on continuous sucrose gradients (Fig. 1) . These results suggest that there could be rapid transit and/or pausing between developmental stages.
The results of our viability assays (Table I) indicate that, with the appropriate media, it may be possible to design an efficient microspore culture system useful in the generation of haploid maize plants. Discontinuous Percoll gradients have been utilized to obtain tobacco microspore stages optimized for capability of division in culture (7) . In maize, only anther culture, not microspore culture, has been successful in the production of haploid callus and embryos (19) .
One of differences between early and late-stage microspores (Fig.  2) . Some changes in microspore/young pollen proteins during microsporogenesis have been shown in Lifiium henryi (8) and more recently in wheat (25) . However, the magnitude of the changes in protein populations seen here was not demonstrated by the previous studies. As shown by two-dimensional gel electrophoresis, about half of the steady state proteins differ either quantitatively or qualititatively between young microspore and starch-filled stages of development (Fig. 3) . Although some of these differences might be attributable to covalent modifications of proteins that may alter their mobility, it is clear that a major shift in protein populations occurs between early and late stages. This transition occurs between the single large vacuole microspore stage and the onset of starch-filling in the young pollen. Previous studies have shown a dramatic increase in both RNA and protein synthesis in young pollen at about the time of microspore mitosis in Nicotiana tabacum L. (24) . Alcohol dehydrogenase activity increases at this developomental period (22) . In addition, actin gene transcription (23) and protein levels (Fig. 4) Some of the proteins observed in our analysis of steadystate populations could be tapetal in origin. In vitro translation of RNA isolated from staged microspores indicates that changes in microspore gene expression occur in the same developmental period as the changes in steady-state proteins (Fig. 5) . Such changes could be due to either new transcriptional events or to alterations in the translational capacity of preexisting messages in the microspore. It is known that pollen contains stored mRNAs that can be activated during pollen tube germination (12) .
In summary, the ability to purify populations of microspores and young pollen at specific developmental stages allows the analysis of gene products associated with each stage. The quantities obtained are sufficient for the isolation of both proteins and RNAs for use in biochemical and molecular studies. We have confirmed that a developmental switch occurs about the time of microspore mitosis, and we have demonstrated that this switch involves over half of the steadystate proteins. Culturing studies are in progress to determine the role of both DNA replication and cell division in the transition. These studies should contribute to our understanding of the molecular mechanisms underlying the control of developmental switches.
